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Abstract
DePriest, Jr., Thomas Arlanda. Ph.D. The University of Memphis. May, 2018.
Urbanization in Jackson, Madison County, TN and the Environmental Impact of Urbanization on
the Region. Major Professor: Dr. Hsiang-te Kung.
Urbanization of the southeastern region of the United States is an ongoing process with
wide ranging environmental implications. Tennessee is among southern states expected to
develop at higher than average rates. Therefore, the purpose of this doctoral research is twofold;
to holistically examine urbanization in Jackson, Madison County, TN and the environmental
impact of urbanization on the region. To accomplish these objectives, a study of land-use and
land cover (LULC) change in Madison County from 1992-2011 was first conducted. To
determine if any significant relationships existed between socio-demographic factors and
quantified LULC changes Spearman’s Correlation was utilized. Relationships between sociodemographic factors and land-use indicators were established; as urban areas grew, agricultural
and forested areas declined, and population density near the city center decreased. LULC
changes focusing on the city of Jackson, TN were then compared to an increase in the number of
flash flood warnings issued in the city limits. Statistically significant outcomes between an
increase in precipitation runoff and noted changes in LULC through utilization of Spearman’s
Correlation, Friedman’s ANOVA and Wilcoxon Signed-Rank Test were noted. Since Jackson
has a major footprint in the South Fork of the Forked Deer (SFFD) watershed, an investigation
into spatial or temporal changes in water quality along SFFD river was also conducted. To
determine changes in water quality over space and time throughout the SFFD watershed,
Kruskal-Wallis and Wilcoxon Signed-Rank tests were employed. Significant results occurred
between upstream sub-basins and downstream sub-basins. This may indicate that significance
levels were generally due to increased concentrations of water quality indicators flowing
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downstream. Conclusions from this dissertation research indicate that urbanization and
decentralization are occurring in Jackson, Madison County, TN. LULC changes from
urbanization may be affecting precipitation runoff and flash flood warnings. However,
urbanization and increased surface runoff was not found to have a statistically significant impact
on water quality in the SFFD watershed or the Jackson, Madison County area.
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CHAPTER 1
1.

Introduction
The global economy of today has had marked changes in the retail and distribution of

merchandise. The majority of shopping now takes place at out-of-the-way mega shopping
centers as opposed to the small locally owned shops or boutiques of the 1950’s. As large-scale
shopping centers and businesses relocate, the upgrade or continued expansion of the
transportation system inherently follows. When transportation networks expand they can also
have a tremendous impact on sprawl (Ludlow, 2006). Constructing new or additional roads allow
for quicker and easier access to shopping and may also impact expansion of housing by
providing a means of reducing the cost of commuting (Brueckner, 2000). This reduction in
commuting costs, particularly when combined with rising incomes, can encourage people to
locate outside the city center, thus creating a demand for more space to accommodate larger
private residences. This expansion usually incorporates previously rural areas that can provide a
means to support the growth of housing at costs much less expensive than in the city proper, i.e.
sprawl (Brueckner, 2000).
Sultana and Weber (2007) provide background information on defining or categorizing
what is elusively known as “sprawl.” The authors state that sprawl has been compared to, as an
example, the growing cities of Atlanta and Los Angeles; or defined based on recent urban
expansion, unique spatial patterns, population density, and overall population growth. However,
by approaching sprawl from the perspectives of both a progression and a pattern, the authors
were able to identify sprawl based on areas that were low in density, experienced rapid
expansion in population, and were not located within urbanized areas. Sultana and Weber also
explain that high rates of growth are most likely to occur, in peripheral urban areas, when the
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densities of these areas are low. However, if growth rates increase rapidly enough, infill will
occur, and low-density areas may transform into high-density areas. This process describes the
essence of sprawl as a progressive urban procedure and its corresponding pattern (Weber &
Sultana, 2007). Characterization of the spatial form of sprawl is also gaining in popularity as
understanding what this concept entails and how it may potentially affect climate change
becomes more prevalent (Banai & DePriest, 2014).
The purpose of this doctoral research was twofold; to holistically examine urbanization in
Jackson, Madison County, TN and the environmental impact of urbanization in the region.
Madison County, TN is located in western Tennessee roughly half-way between Memphis and
Nashville along Interstate 40 (Figure 1). Madison County, TN is approximately 557.2 mi2
(1443.14 km2) with an estimated 2010 population of just over 98,000 (U.S. Census Bureau
2017). The largest city in Madison County is Jackson, TN where nearly two-thirds of the
county’s population reside.
Results of this study are reported in chapters 2-4. Chapter 2,” Examining the Relationship
between Land-Use Land Cover Change and Socio-Demographic Characteristics: A Case Study
of Madison County, Tennessee,” first investigates specific land-use changes that occurred in
Madison County, Tennessee, between 1992 and 2011. Land-use changes for the study area were
obtained or extracted from the National Landcover Database (NLCD) and various temporal maps
of the conterminous United States. Specifically, 1992-2001 (retrofit), 2001, and the 2011 NLCD
maps were utilized. Urban growth has been prolific in the U.S. southeast and development is
expected to continue at high rates throughout 2030 (White, Morzillo, & Alig, 2009). Drivers of
sprawl in the study area include availability of agricultural lands (Lopez & Hynes, 2003) and a
steady increase in the population (Hasse & Lathrop, 2003). Once changes in LULC were
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quantified, statistical analysis between derived changes and socio-demographic characteristics
(e.g. population density, percent change in population density, distance to the city center, and
distance to major roads) were conducted. Statistical outcomes indicate the extent to which sprawl
is occurring and any impacts urban growth is having on socio-demographic factors in the study
area.
In chapter 3, “Impact of Urbanization on Estimated Surface Runoff and Resulting
Issuance of Flash Flood Warnings in Jackson, Tennessee,” investigates changes in the number of
flash flood warnings in the 1990s as compared to the 2000s in the Jackson, Tennessee, area. The
purpose of this study was to determine if any increase in flash flood warnings was due to an
increase in the frequency of high intensity rainfall events or if changes in LULC, indicated in
chapter 2, might be impacting runoff. Initially, it was determined that increases in the number of
flash flood warnings had not been influenced by the frequency in high intensity rain fall events in
the study area. The surface runoff model chosen to generate rainfall runoff estimations was the
Soil Conservation Service (SCS) curve number method. This particular model was chosen based
on its ease of use and its acceptance in the scientific community (Cronshey, 1986). The
derivation of a curve number (CN) value is a major component in execution of the SCS model.
Once accepted procedures for generating CN’s were complete, CN values for the study area were
available for implementation in the SCS curve number method (Merwade, 2012a, 2012b, 2012c).
Estimated runoff amounts were then tested to determine the extent reported changes in runoff are
related to changes in LULC for the Jackson, Tennessee, area.
Finally, chapter 4, “Effect of Development on Water Quality in the South Fork of the
Forked Deer Watershed, Western, Tennessee,” assesses any spatial or temporal changes in the
water quality of the South Fork of the Forked Deer River. The city of Jackson, TN has a major

3

footprint in the South Fork of the Forked Deer Watershed (Figure 2). Jackson is located in
Madison County which houses approximately 1/3 of the entire South Fork Watershed (Tennessee
Department of Environment and Conservation, 2002). With the southern half of the city located
in the South Fork Watershed, Jackson’s population of ~67,000 (U.S. Census Bureau, n.d.) causes
sub-basin 2 to have the highest estimated population within the study area. It is projected that the
population in sub-basin 2 may account for nearly 42% of the estimated population for the entire
watershed. To assist in determining any changes in water quality (e.g. hardness, alkalinity, pH,
conductance, total dissolved solids, total suspended solids, settleable solids, turbidity, total
phosphorous, total organic carbon, and ammonia), the possible influence of land-use indicators
was assessed. Land-use (i.e. developed land, undeveloped land, and agricultural land) throughout
the South Fork Watershed for 2000 and 2010 was derived based on information provided by the
National Land Cover Database (“Multi-Resolution Land Characteristics Consortium (MRLC),”
n.d.). In addition, population differences in the watershed for the same 10-year period were also
calculated. This allowed statistical comparisons of any changes in water quality over time and
within different portions of the watershed to be conducted. While any changes in water quality
were marked, particular attention was paid to the section of the South Fork Watershed that
contained and could, thereby, be influenced by Jackson, TN. Conclusions from chapters 2-4 are
summarized in chapter 5.
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Figure 1: Location of Jackson, TN within Madison County.

5

Figure 2: Location of Jackson, TN within six sub-basins of the South Fork of the Forked Deer
Watershed.
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CHAPTER 2
Examining the Relationship between Land-Use Land Cover Change and SocioDemographic Characteristics: A Case Study of Madison County, Tennessee.
1. Introduction
The ability to accurately catalogue changes in the environment in a timely manner has
become increasingly important (Yuan et al. 2005). Therefore, understanding what land-change
science is and by noting the difference between land-use and land-cover is essential. These two
terms are different, but are inexorably linked as one term describes the landscape or structures
while the other describes activities that may occur on a land-cover (Fonji and Taff 2014). For
example, forested areas, agricultural lands, and urban areas all denote specific types of landcover. Land-use might indicate that a specific forested area is part of a national park or state park
or even how some urban areas can be separated between residential spaces and business or retail
areas. The ability to map spatial and temporal changes in the land-use and land-cover (LULC) of
an area is crucial to realizing the dynamics between subjects such as urban sprawl and
environmental change (Banai and DePriest 2014).
The process of decentralization, or urban sprawl (Stone, Hess, and Frumkin 2010;
Wassmer and Edwards 2005) in the United States is said to follow a logical progression related
to population, income, and the value of agricultural lands (Brueckner and Fansler 1983). The
authors state that urban sprawl is affected by the economic market process by which high yield
in-demand agricultural land (agricultural rent) has a negative or limiting effect on urban growth.
However, a case in which population increase followed the reduction of prime farmland can also
be cited (Hasse and Lathrop 2003). Part of Hasse and Lathrops’s (2003) study describes a process
in which an increase in population and the simultaneous widespread movement and relocation of
inhabitants from a New Jersey city center to the outer suburbs both contributed to sprawl. Large
9

tracts of land that were formerly either agricultural or forested in surrounding rural
municipalities were lost to urban growth. In their report, the authors state that at the beginning of
the 10-year study period over half of all land being used for growing crops was considered prime
farmland, and by the end of the study period 60 percent of farmland lost to development was
prime farmland. However, the largest land-cover lost to urban sprawl was forested lands with
some 27,000 ha lost to development.
Impacts of sprawl can be seen all throughout the country, especially the southeastern
region of the United States. The Southeastern region experienced an increase in developed area
of around 58 percent between 1982 and 1997; this was the highest increase in developed area
within the U.S. (White, Morzillo, and Alig 2009). It is predicted that between 2003-2030, the
southeast will experience a 51 percent increase in developed area; this means that the south is
expected to develop at rates higher than the national average. Specifically, Tennessee is among
southern states expected to develop at the some of the highest rates, over the 28-year time span,
with an increase in developed land of some 90 percent. In general, the authors predict that the
long term trend for the south is one of continued rise in population and development between
2003-2030 (White, Morzillo, and Alig 2009).
Urban growth in the southeast is being driven by a multitude of factors including
availability of agricultural lands, current land use policies, and economic factors (Lopez and
Hynes 2003). While according to Nagy and Lockaby (2011), there are many socioeconomic
drivers influencing settlement in this particular region of the United States. For instance, the
authors mention that more/better roads, increased accessibility, rising cost of land, and rising
costs of maintaining undeveloped lands have contributed to sprawl in the southeast.
The case of increased population and the pervasiveness of urban sprawl has been made
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(Brueckner and Fansler 1983, Hasse and Lathrop 2003, Meyer and Turner 1992) with the
understanding that urban sprawl brings changes to LULC (Hamidi and Ewing 2014). With the
availability of population data from the United States Census Bureau, the technology available to
map changes in LULC, and population over time, we may better understand the cause and effects
of continued growth and anthropogenic changes (Banai and DePriest 2014). With the importance
of population growth, urban sprawl, and LULC changes firmly established, the objectives of this
paper are to 1) quantify LULC changes and composition for Madison County, TN between 19922011 and 2) to determine if any significant relationships exist between socio-demographic
factors and the quantified LULC changes found in the study area.
2. Study Area
Madison County, TN is located in western Tennessee roughly half-way between
Memphis and Nashville along Interstate 40 (Figure 1). The study area is approximately 557.2 mi2
(1443.14 km2) with an estimated 2010 population of just over 98,000 (Bureau n.d.). The largest
city in Madison County is Jackson, TN where nearly two-thirds of the county’s population reside
(Figure 2). Madison County has an elevation of nearly 400 feet above sea level, is somewhat
hilly but still has a significant agricultural presence (Bailey 1993). Though agriculture played a
much more important role in the area’s past, the local economy is now more dependent upon
businesses and industry (“Madison County, TN - Official Website - History” n.d.).
3. Methods and Data
This study makes use of National Land Cover Data (NLCD) sets from 1992 (retrofit),
2001, and 2011. NLCD maps are produced by the combined efforts of multiple federal agencies
referred to as the Multi-Resolution Land Characteristics (MRLC) consortium (“Multi-Resolution
Land Characteristics Consortium (MRLC)” n.d.). The first land cover map produced in late 2000
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Figure 1: Location of Madison County, TN; interstate and census tract boundaries. Map data
from ESRI, Inc.
was derived by Landsat Thematic Mapper ™ satellite imagery at a 30-meter scale from the early
1990’s. The LULC map developed for the conterminous United States made enquiry into many
types of environmental investigations that required land-use data, such as wildlife biology, land
management, and water quality possible (Vogelmann et al. 2001).
Due to advances in technology, the processes used in the development of the 2001 NLCD
made comparisons between 1992 and 2001 not ideal (Fry et al. 2009; Graham and Congalton
n.d.; Homer et al. 2007). Advanced techniques used in the classification process of the 2001
NLCD led to the production of two distinctly different data sets when comparing 2001 to 1992
NLCD maps. Because one of the ideas behind NLCD maps was to enable land change
comparisons over time, the MRLC designed what Homer et al. (2007) termed a “bridge product”
12

that makes the comparison of 1992-2001 maps easier. The result was the completion of the
NLCD 1992-2001 retrofit that makes use of a “hybrid” class I Anderson Classification technique
(Anderson

1976) developed from the more advanced 2001 NLCD map. Comparisons between

the 2001 and 2011 NLCD maps are more straightforward because they both employ the same
modified 16 class Anderson Land Cover Classification System (ALCCS). In addition, the
specifications for the 2001-2011 maps also include 30 meter spatial resolution from Landsat 5
Thematic Mapper ™ (Homer et al. 2007, 2015).
As previously mentioned, classification methods and coding of different land classes are
not consistent between 1992-2001 NLCD maps. The addition of the 1992 retrofit map allows for
a more direct comparison between 1992 and 2001 NLCD maps. The 1992 retrofit’s classification
is based on a Modified Anderson Level 1 class code in which similar classes are grouped
together which reduced the overall number of class units when compared to 2001 or 2011
modified 16 class ALCCS. However, additional modifications to map classification were still
needed. NLCD maps were loaded into GIS software ArcMap version 10.4 for the purpose of
map reclassification.
Application of an “Adapted” Anderson code to the 1992 retrofit map reduced the number
of classes in the study area from seven to five class codes (Table 1). Specifically, Open Water
and Wetlands were combined and listed as Water and Barren was combined with Agriculture and
listed as Agriculture. The 2001 and 2011 NLCD classifications were also modified using the
same “Adapted” Anderson classification code with the following results: Open Water, Woody
Wetlands, and Herbaceous Wetlands were combined and listed as Water; Developed Open
Space, and Low, Medium, and High Intensity were combined and listed as Urban; Barren
Land,Hay/Pasture, and Cultivated Crops were combined and listed as Agriculture; Deciduous,
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Table 1. Reclassification of 1992 Retro NLCD to “Adapted” Anderson Code
Retrofit Classification Description Modified Anderson Adapted Anderson
Level 1 class code
code
Open Water
1
1 Water
Urban
2
2 Urban
Barren
3
5 Agriculture
Forest
4
3 Forest
Grassland/Shrub
5
4 Grassland/Shrub
Agriculture
6
5 Agriculture
Wetlands
7
1 Water

Evergreen, and Mixed Forest were combined and listed as Forest; and Shrub/Scrub and
Grassland/Herbaceous were combined and listed as Grassland/Shrub. The “collapsing” technique
is utilized by previous land-use studies such as by (Antipova, Wang, and Wilmot 2011); when
outside urban areas including low-density residential lands, agricultural and forested areas were
consolidated into a single category of agricultural/rural due to sparse population and similar lowintense economic activity (Antipova, Wang, and Wilmot 2011). Results from recoding the
2001and 2011 NLCD maps employing the “Adapted” Anderson code are displayed in Table 2.
In addition, percent changes in land use derived from the application of the “Adapted” Anderson
code to 1992 Retrofit, 2001, and 2011 NLCD maps are presented in Table 3.
Once reclassification of NLCD maps was completed (Figure 2), LULC changes for
individual census tracts over the twenty-year study period were sought. To accomplish this, the
tabulate area function in zonal statistics under the spatial analyst tools in ArcMap version 10.4
was employed. Each NLCD map (1992 retro, 2001, and 2011) was individually overlain with the
2010 census tract shapefile (TIGER/Line shapefiles) of Madison County. This procedure allowed
calculation of all five of the “Adapted” Anderson codes for each census tract for the 1992-2011
time of study. In addition to LULC changes over time, differences in population and population
density during the same twenty-year time span were also sought. Because the dates of the LULC
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Table 2. Reclassification of 2001 & 2011 NLCD to “Adapted” Anderson Code for the
2001 & 2011 Classification
Description
Open water
Developed, Open Space
Developed, Low Intensity
Developed, Medium Intensity
Developed, High Intensity
Barren Land
Deciduous Forest
Evergreen Forest
Mixed Forest
Shrub/Scrub
Grassland/Herbaceous
Hay/Pasture
Cultivated Crops
Woody Wetlands
Emergent Herbaceous Wetlands

NLCD 2001 &
2011 class code
11
21
22
23
24
31
41
42
43
52
71
81
82
90
95

Adapted Anderson
code
1 Water
2 Urban
2 Urban
2 Urban
2 Urban
5 Agriculture
3 Forest
3 Forest
3 Forest
4 Grassland/Shrub
4 Grassland/Shrub
5 Agriculture
5 Agriculture
1 Water
1 Water

Table 3. Statistical Summary of Land-use and Population Changes in Madison County from
1992-2011.
Land cover
Class & Pop.
Water
Urban
Forest
Grass/Shrub
Agriculture
Population

1992 (Retro)
Area km2
114.14
141.50
552.49
69.12
568.45
77,982

% of
total
7.89
9.78
38.19
4.78
39.29
NA

2001
Area km2
119.12
156.07
530.56
77.09
562.86
91,836

% of
total
8.23
10.79
36.67
5.33
38.90
NA

2011
Area km2
118.61
167.80
526.07
81.69
551.53
98,294

% of % Change
total 1992-2011
8.20
3.92
11.60
18.58
36.36
-4.78
5.65
18.18
38.12
-2.98
NA
26.05

change maps coordinate well with the national census (1990-2010) the only consideration was
the level of population data that could be reliably used throughout the study period.
For the purpose of data consistency, population and population density derived from the
Longitudinal Tract Database (LTDB) were employed (Logan, Xu, and Stults 2014). In essence,
the LTDB uses the 2010 census tract positions and employs techniques that allow population
estimates to be tracked backwards and applied to census records back to 1970. Since the census
tract boundaries are constant, researchers have the ability to make direct population comparisons
15

Figure 2: Reclassification land-use maps for 1992 retro, 2001, and 2011 (“Multi-Resolution Land
Characteristics Consortium (MRLC),” n.d.).
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over a 40-year time span (Logan, Stults, and Xu 2016). Census tracts generally have a population
ranging between 1,200 and 8,000 inhabitants (1,000 to 3,000 housing units). Besides the ease of
use, statistical comparisons from each decennial census to census enabled by constant tract
boundaries mentioned above, we used this geographic hierarchy of the U.S. Census as an
appropriate geographical unit representative of neighborhoods with relatively homogenous
population attributes, as well as similar housing, and socio-economic characteristics (U.S.
Census, n.d.).
4. Results and Discussion
As previously stated, classification maps of Madison County, TN were produced from
recoding of 1992 (retro), 2001, and 2011 NLCD maps using an “Adapted” Anderson Code;
statistical output derived from these maps are shown in Table 3. Land-use classes that increased
in total area, over the study period, were Urban (18.5 percent) and Grass/Shrub (18.18 percent)
while Forest and Agriculture both displayed decreases in total area (-4.78 percent and -2.98
percent respectively). Though Grass/Shrub class indicates a large percent increase from 19922011, it only accounts for a small portion of Madison County. In fact, the 81.69 km2 (5.65
percent) is the smallest total area of all derived classes. Increase in the Urban class was more
significant with an expansion of 26.3 km2 over the study period; this accounted for 167.80 km2
or 11.60 percent of the total study area. By far, the two largest land-use classes were Forest and
Agriculture. These two classes accounted for nearly 75 percent of the total land make-up of
Madison County in 2011. Between 1992-2011, Agriculture lost 16.92 km2 (about 3 percent) and
Forest lost 26.42 km2 (5 percent) of land, while the Urban class had gained 19 percent by 2011,
the largest growth among all land uses. The most insignificant change was observed for the water
class which in absolute terms changed slightly over time with 4.5 km2 of area; however, the class
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consistently accounted for about 8.00 percent of the total area. Changes in total water area could
have been caused by fluctuations in actual area that was water, but were probably due to
classification errors that will be further discussed in the limitations of study regarding this report.
Numerous variables for the study area were developed for the purpose of statistical
assessment. Population and population density variables are straightforward and correspond to
the total population amounts displayed in Table 3; however, procedures used to produce other
variables within ArcMap 10.4 are given. For example, point distance (PT_DIST) was created by
establishing a location to represent the central business district (CBD) of Madison County. This
position was the historic downtown area of Jackson, TN and represents places where the
Madison County Courthouse and City Hall are located. Once established, ArcMap determined
the distances from the CBD to the centroid of each census tract (Figure 3). In a similar fashion,
the distance to roads (DIST_ROADS) was computed as the shortest distance between a census
tract’s centroid and a major or primary road (defined in the study as interstates, highways, or
major four-lane roads).
As previously mentioned, each census tract’s LULC was cataloged for 1992, 2001, and
2011. This information allowed us to determine the percent change in all land-use categories
between 1992-2001, 2001-2011, and 1992-2011 in each census tract. Land-use data was then
loaded into IBM’s Statistical Package for the Social Sciences (SPSS) version 22. Due to the data
not having a normal distribution, we employed nonparametric statistical analysis. Since the
second objective of our study was to establish if any significant relationships between sociodemographic factors and LULC changes within Madison County exist, we employed Spearman’s
Rho, a nonparametric correlation analysis (Helsel 1987). For the purpose of data consistency and
statistical analysis, LULC data was coded into SPSS to correspond with census data. LULC data
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Figure 3: Census tract, centroid, central business district, and major roads in Madison County,
TN. Map data from ESRI, Inc.
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from 1992 was entered as LULC data 1990; the same format was applied to LULC data from
2001 (entered as 2000) and 2011(entered as 2010). All P values <0.05 are considered to be
significant.
As explained above, the land data were matched with the closest Census data available
for the time period. To illustrate, we used time series data including Census data for 1990, 2000,
and 2010 while using 1992 LULC, 2001 LULC, and 2011 LULC, respectively, to examine
changes in land-use and population as a function of distance to the city center between 1990 and
2010 in Jackson, TN. Spearman’s correlation coefficient was used to describe an association
between the two variables and to test the hypothesis that no relationship exists between
population density per square km (PD) and distance to the city center (PT_DIST). Population
decentralization manifests itself in the pattern represented by changes in the slope of the density
gradient. In agreement with previous studies documenting decentralization of cities (Hasse and
Lathrop 2003; Luo, Yu, and Xin 2008; Nagy and Lockaby 2011), we find this function
downward sloping with distance and population density gradient flattening over a period of time.
A steadily decline in the steepness of the slope of the density gradient is observed and reflected
in the correlation coefficient decreasing from -.86 to -.79 to -.75 (each at the 0.01 level of
significance) indicating urban sprawl with low-density housing and fragmented residential
development on semirural tracts (Table 4). In other words, this finding exemplifies the theory of
urban sprawl in which land-use in less urbanized areas are more typically converted and
developed into residential and/or urban areas (Luo, Yu, and Xin 2008).
Population density, in the study area, is less at the center as people are moving away from
central areas to settle at the outskirts and in the suburban parts of urban areas. This process
follows a pattern referred to as exurbanization, where low density housing in rurally located
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subdivisions allow people to live in the country (Brown et al. 2005; Hansen et al. 2005). Gated
communities are a prime example of exurbanization and occur when the affluent locate outside
of the city on large lots which enable separation or protection from the public (Le Goix 2005).
Madison County seems to be following the same pattern established by Brown et al. (2005) who
explain that exurbanization experienced rapid expansion in the U.S. from 1950-2000.
No relationship was found between distance to the city center (Pt_DIST) and the percent
change of land that was urban between 1990-2000, 2000-2010, and 1990-2010; nor did we
observe that proximity to a major road (DIST_ROAD) is related to any land-use changes (Table
4). These findings are in disagreement with Luo et al.’s (2008) study in which a negative
relationship between the distance to major roads and distance to urban centers and a change from
non-urban to urban land was established. However, the relationship between population density
(PD) and proximity to major roads (DIST_ROAD) was negative at -.058 and significant (at 0.01
level) indicating that people are deterred by the closeness of heavily-trafficked roads. This
association remained stable for each of the three-time periods in our study.
A minor increase in the relationship between the percent change of land that was forest
(PC_Forest) and the distance to city center (Pt_DIST) was detected. The coefficient from 19902000 (0.436) presented a slight increase to 0.446 during the study period (1990-2010). It seems
that an increase in forest cover would be counter to expectations if sprawl is occurring outside of
the city center. This situation might be explained by circumstances in which growth of extensive
tree canopies may cause some urban areas to be incorrectly classified as forested (Yuan et al.
2005). A slight decrease in the percent change of land that was agricultural was also observed for
the overall period 1990-2010 (PCAg): a modest but significant relationship between PCAg
1990_2000 was observed with proximity to urban center (Pt_DIST), 0.399 indicating that
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Table 4. Spearman’s Correlation Output for LULC Percent Change,
Socio-Demographic, Point Distance, and Distance to Major Roads
Socio Dem. &
LULC
Year(s)
Pop Density
1990
P-Values
Pop Density
2000
P-Values
Pop Density
2010
P-Values
PDPC
1990-2000
P-Values
PDPC
2000-2010
P-Values
PDPC
1990-2010
P-Values
PC Urban
1990-2000
P-Values
PC Urban
2000-2010
P-Values
PC Urban
1990-2010
P-Values
PC Forest
1990-2000
P-Values
PC Forest
2000-2010
P-Values
PC Forest
1990-2010
P-Values
PC Grass
1990-2000
P-Values
PC Grass
2000-2010
P-Values
PC Grass
1990-2010
P-Values
PC Ag
1990-2000
P-Values
PC Ag
2000-2010
P-Values
PC Ag
1990-2010
P-Values
Bold = p <.05 Significant

Pt.
Dist.
-0.862
0.000
-0.794
0.000
-0.748
0.000
0.225
0.259
0.498
0.008
0.455
0.017
0.314
0.110
0.272
0.169
0.313
0.112
0.436
0.023
-0.013
0.948
0.446
0.020
0.261
0.188
0.293
0.138
0.289
0.143
0.399
0.039
-0.135
0.501
0.394
0.042
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Dist.
Road
-0.580
0.002
-0.582
0.001
-0.578
0.002
0.090
0.654
0.093
0.645
0.152
0.449
-0.016
0.935
0.068
0.736
0.015
0.940
0.331
0.092
-0.060
0.767
0.297
0.133
0.342
0.081
0.258
0.194
0.231
0.246
0.224
0.262
0.095
0.639
0.243
0.222

more rural land is found farther away from urban areas. The coefficient decreases to 0.394 for
the period of 1990-2010. This result is not surprising as Madison County has historically relied
upon agriculture as a major economic driver. Though agriculture is not as prominent as it once
was, in the study area, it is still an important factor in the local economy (“Madison County, TN
- Official Website - History” n.d.).
Finally, we investigated how population changes were reflected in percent change in
population density over 10-year intervals across the urban area. Spearman’s correlation values
were used to describe population change trends. The population density percent change (PDPC)
was correlated with distance to city center (Pt_DIST) for 1990-2000, 2000-2010, and 1990-2010.
Spearman’s correlation index is positive indicating that more changes in population are occur
farther away from central high-density areas. The highly dynamic urban-rural fringe area has
been described as a peri-metropolitan bow wave where the metropolitan growth occurs with the
outward expansion of urban land increasing the value of the adjacent land and excessive
decreasing the amount of high-quality agricultural land (Greene and Pick 2012; Hart 1991). The
strongest correlation was percent change between 2000 and 2010 (0.498 at 0.01 level) supporting
the previous finding that the fastest growing locations are places with relatively few people
(Table 5). There was also a strong relationship between changes in urban land-use and
population (increasing 0.631, 0.652, 0.739) with more population changes taking place on land
which is urban at 0.01 level of significance for each of the study periods of 1990-2000, 20002010, and 1990-2010, respectively (Table 5). Taken together, these last statements demonstrate
that urban sprawl is occurring in the study area as more land is converted to urban and areas that
previously had the fewest people are now being developed.
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Table 5. Spearman’s Correlation Output for Population Density
Percent Change and LULC Percent Change

LULC
PC Urban
P-Value
PC Forest
P-Value
PC Grass
P-Value
PC Ag
P-Value

1990-2000
PDPC
0.631
0.000
-0.286
0.148
-0.038
0.849
0.044
0.828

2000-2010
PDPC
0.652
0.000
-0.357
0.067
0.399
0.039
-0.268
0.177

1990-2010
PDPC
0.739
0.000
-0.195
0.329
-0.111
0.583
-0.098
0.626

Bold = p <.05 Significant
5. Conclusion
In this study we explored the relationship between urban sprawl and important drivers of
urban change in the southeast US, which compared to other regions experiences high rates of
urban development. Forth this purpose, we quantified land-use changes in Madison County, TN
over a twenty-year period. Additionally, we established relationships between sociodemographic factors and land-use indicators which suggests that sprawl is occurring in the study
area. In general, population density near the city center is decreasing as the growing population
(increase of 26percent over the time of study) settles in areas that were once non-urban. The
summation of land-use and population changes (Table 3) for Madison County indicates that
population and urban areas are increasing as forested and agricultural areas are decreasing.
Several studies are cited (Hasse and Lathrop 2003; Wolter, Johnston, and Niemi 2006; Yuan et
al. 2005) in which a decrease in land that was forest or agriculture is accompanied by an increase
in urbanized lands and is described as urban sprawl.
Alig, Kline, and Lichtenstein (2004) explain the association of population growth and
development in their study detailing urban expansion in different regions of the United States.
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The authors report that the south (southeast United States) had more land developed between
1982-1997 than any other area of the country. In addition, several southern states also had onethird of their development to occur during the same 1982-1997 time span. As a region, the south
has typically experienced a large increase in population while its developed area per additional
person is higher than average. Based on a 35percent increase in population and taking into
account historical data on urbanization and socio-economic changes, the authors derived 25-year
projections for future urban development. Results from regression analysis for the next 25-years
estimate the south will increase in population by about 20percent but will experience an increase
in development or urbanization at substantially higher rates (Alig, Kline, and Lichtenstein 2004).
The results of our study should be viewed with caution as there are limitations that must
be considered. First, according to the MRLC, the NLCD maps were produced with the intentions
of making regional comparisons. However, there are examples of land-use studies in which
NLCD maps were used at a smaller than regional scale (Crowther 2015). As previously stated,
direct comparisons between 1992 data and 2001 NLCD data are not recommended (Fry et al.
2009; Homer et al. 2007) however, the MRLC does not declare that comparisons cannot be made
(Crowther 2015).

In his thesis, Crowther (2015) uses 1992, 2001, and 2011 NLCD maps to

quantify land-use changes in Pasadena and Inglewood, CA. Crowther states that comparisons
between the different NLCD maps were difficult and the reclassification of maps may have
decreased the accuracy of the data. However, this study made use of the 1992 retrofit data and
not the original 1992 NLCD data which should have increased the accuracy of derived analysis.
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CHAPTER 3
Impact of Urbanization on Estimated Surface Runoff and Resulting Issuance of Flash
Flood Warnings in Jackson, Tennessee
1. Introduction
Flash flood warnings are issued by the National Weather Service when flash flooding is
observed or is imminent (National Weather Service, n.d.). An increase in the number of flash
flood warnings over Jackson, Tennessee was observed from the 1990s into the 2000s. In fact,
from 1990 to 1999, there were nine different days in which flash flood warnings were issued;
contrasted with forty-four days of warnings issued from 2000-2009 (Iowa State University, n.d.).
These small-scale frequent flood events are of prime concern to Madison County and the city of
Jackson, Tennessee (Whetstone, n.d.). Whetstone reports that flooding in the area is such a
concern that Madison County was awarded funds to develop flood control projects benefiting the
county as well as the city of Jackson. Part of the funds will focus on infrastructure improvements
to storm water sewer systems. Other monies are earmarked for the construction of artificial
wetland areas that will offer recreation as well as flood control for the northern portion of the
city and county (“TDEC Announces Restoration and Recreation Area for West Tennessee
Floodplain - TN.Gov,” n.d.; Thomas, n.d.).
1.1 Causes of flood events
Noticeable changes in the land-use and land cover (LULC) have occurred in Jackson,
Tennessee from 1992-2011 (Figure 1). Areas recognized as urban have increased while areas
identified as agriculture and forest have decreased. When previously rural areas experience
changes in land-use due to urbanization, these man-made changes to the natural drainage systems
can have dramatic effects on a basins ability to move and/or store water (Booth, 1991). In areas
where overland flow is the dominant path for storm water runoff, the addition of impervious
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Figure 1: Shows the extent of LULC of the study area in km2 from 1992, 2001, and 2011. Data
for LULC is from National Landcover Database.
surfaces causes the overland flow velocity to increase. In general, the process of rainfall runoff
has not changed (Booth, 1991); however, the speed and therefore, amount of water entering the
stream channel does change or increase. With the addition of an established storm water sewer
system, an urban area can effectively drain a region of storm water at a much faster rate (Hollis,
1988). This may be due to a shorter distance as well as a smoother and/or straighter path water
travels to the stream channel. The problem with this scenario is the possibility of continued
rainfall and the effect additional storm drainage may have on the stream channel. Changes due to
additional storm water runoff may include increased stream velocity, higher rates of erosion, and
more frequent flood events.
The main objective of this case study is to determine if changes in LULC may be a
contributing to the increase in flash flood warnings issued from 1990-2009. First, the increase in
flash flood warnings will be assessed relative to the number of heavy rainfall episodes defined as
an event breaching the 95th percentile. Second, runoff will be estimated and assessed for
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Figure: 2 Base map showing the location of Jackson, Tennessee in Madison County, and the
location of major roads. GIS data is derived from ESRI Inc.
statistical significance during the time of study. Finally, the estimated runoff will be compared to
changes in LULC and assessed for statistical significance.
1.2 Study area
Jackson, Tennessee is situated about halfway in between Memphis and Nashville,
Tennessee, (Figure 2) within the West Tennessee Coastal Plain physiographic province (Bailey,
1993). This area is located in the Southeastern Plains and Hills Ecoregion (TDEC, 2002) and is
underlain by several different geologic and sedimentary units; some of the geologic units include
Porters Creek Clay, Memphis Sand, and Fort Pillow Sand (Bailey, 1993) and sediments include
clays, silts, silty-clays, and fine-grained sands, to name a few (TDEC, 2002). The 2010 census
estimated Jackson’s population at 67,685 (United States Census Bureau, n.d.). Interstate 40 also
provides a rough division of precipitation runoff between North Jackson with the Middle Fork of
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the Forked Deer River and South Jackson with the South Fork of the Forked Deer River.
Jackson has an average elevation of 410 feet above sea-level. One of the area’s highest elevation
points is just over 650 feet, with a low elevation of 320 feet, the area relief of just over 330 feet
(TDEC, 2002). Precipitation for the area has an average of nearly 50 inches per year (Bailey,
1993).
2. Data and methods
2.1 95th percentile rainfall events
Precipitation data for 95th percentile rainfall events was supplied by local weather
stations; specifically, Jackson McKellar-Sipes Airport and the Jackson Experimental Station.
These daily data were retrieved from the Global Historical Climatology Network (Menne et al.,
2012). Extreme precipitation events were found by ranking all available days of precipitation
totals for each month during the study period (1992-2011) and computing the 95th percentile.
The 95th percentile for each month was then treated as a threshold for an extreme precipitation
day. Frequencies of extreme precipitation were then computed on a monthly basis.
2.2 Surface runoff model
Runoff estimations were based on the United States Soil Conservation Service’s
procedure known as the SCS curve number method (Cronshey, 1986). This method was chosen
since it is a well-established procedure employed by engineers and hydrologists (Ponce &
Hawkins, 1996). A simplified variation of the SCS equation can be expressed as follows:
Q = (P – 0.2S)2/ (P + 0.8S)
where: Q is the runoff; P is the precipitation; and S is the potential maximum storage represented
as (1000/CN) – 10; with CN representing the curve number. The CN is derived from a
combination of land-use, land cover and hydrologic soil group information. Therefore, the two
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input variables needed to solve this equation are rainfall value(s) and a derived curve number.
2.3 Rainfall amount for SCS CN method
With an understanding that long-term impacts of land-use change on surface water runoff
is more than likely influenced by the collective results of typical precipitation events rather than
infrequent large-scale storms (Li & Wang, 2009; McClintock, Harbor, & Wilson, 1995), a
representative storm amount for the study area was sought. The NOAA’s Precipitation
Frequency Atlas was, therefore, employed (Bonnin et al., 2006). Rainfall frequency estimates for
the different geographic regions of the United States are provided by NOAA. Atlas 14 Volume 2
Version 3 represents the most current rainfall estimates for the Ohio River basin, which includes
Tennessee. The NOAA employs an interactive web-page that allows one to select an area of
interest. Once selected, a range of frequency estimates for storms with recurrence intervals
ranging from 1 year to 1000 years and storm durations from 5 minutes to 60 days are displayed
(“PF Map,” n.d.). Cronshey (1986) states when consistent rainfall amounts are applied in
successive sub-basins, it is sometimes desirable to employ synthetic storms of which 24-hour
rainfall durations are commonly used. According to Atlas 14 values found on NOAA’s webpage, a one-year recurrence interval rainfall event of a 24-hour duration is 3.22 inches for the
study area.
2.4 Curve number grid
The relationship between precipitation and runoff, when employing the SCS curve
number method, is greatly influenced by potential maximum storage (Weng, 2001). Since the
CN is an integral part of potential maximum storage, it is important to obtain the correct value
for the CN. Calculation of a curve number grid is the first step in generating a representative CN
for a watershed, basin, or sub-basin (Merwade, 2012a). Merwade’s (2012a) procedures for the
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derivation of a curve number grid employing ArcGIS and the HEC-GeoHMS extension were
followed. Requirements for curve number grids are a digital elevation model (DEM), soils data,
and LULC data. The digital elevation model was retrieved from the United States Geological
Survey (USGS) (“The National Map: Elevation,” n.d.), soil data was retrieved from the National
Resource Conservation Service (NRCS) (“Description of SSURGO Database | NRCS Soils,”
n.d.), and land-use data was retrieved from the National Landcover Database (NLCD) (“MultiResolution Land Characteristics Consortium (MRLC),” n.d.). Once obtained, DEM, soils data,
and LULC data all exhibited 30 X 30-meter resolution and were clipped to the city limits of
Jackson.
Specific land-use data downloaded from the NLCD included 1992, 2001, and 2011 maps
of conterminous United States; 1992 data was the land cover change retrofit data. By using 19922001 retrofit data, one is able to make more accurate comparisons of land-use change compared
to the original 1992 NLCD data (Fry, Coan, Homer, Meyer, & Wickham, 2009). Land cover
classes were reclassified into five classes; these included water (open water and wetland areas),
urban, forest, grassland/shrubland, and agriculture (combined with barren lands). One issue with
combining classes, such as open water and wetland areas into a single class, is the possibility of
exaggerating this particular CN value. In the instance of the merged water class, initial runoff
estimates could be inflated because CN values of “water” are treated as nearly impermeable.
2001 and 2011 NLCD maps were reclassified using the same classification scheme as 1992
retrofit. Classes for 2001 and 2011 were combined as follows: water (open water and all
wetlands areas), urban (all types of urban areas), forest (all types of forest areas),
grassland/shrubland (shrub and grassland/herbaceous areas), and agriculture (hay/pasture and
cultivated crop lands). The National Engineering Handbook of Hydrology was referenced in
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order to assign hydrologic soil values for soil groups A, B, C, and D to the various land covers
(“National Engineering Handbook Hydrology Chapters | NRCS,” n.d.). Within ArcGIS, the
HEC-GeoHMS extension was then used to combine soil and land-use data in order to create a
curve number grid of the study area (Shahid, Boccardo, Usman, Albanese, & Qamar, 2017).
These procedures were then repeated in order to produce a separate curve number grid for each
of the NLCD maps.
2.5 Delineation of the study area and CN
The next step in deriving a CN was the development of a stream network for the study
area. This was accomplished by following accepted procedures employed through HECGeoHMS called terrain preprocessing (Knebl, Yang, Hutchison, & Maidment, 2005; Merwade,
2012c). Merwade’s (2012c) tutorial for terrain preprocessing includes completion of a
RawDEM, HydroDEM, flow direction grid, flow accumulation grid, stream grid, stream link
grid, catchment grid, catchment polygons, drainage line polygons, and adjoint catchment
polygons. Following completion of these procedures the study area was divided into 20 subbasins representing 81% of Jackson’s city limits (Figure 3). The number of sub-basins derived
through the implementation of these procedures is reliant upon the overall size of the watershed
(Kingston III, 2012). A simple default for stream network size determination, i.e. basin size, is
1% of the watershed area. The final steps needed to produce representative CN values for the
study area’s time periods were to define a project point and a project area (Merwade, 2012b).
Upon completion of these steps only the addition of the previously generated curve
number grids was needed for an average CN for each individual sub-basin representing 1992,
2001, and 2011. Once determined, we were able to insert the CN value for each sub-basin with
the previously retrieved synthetic rainfall amount into the surface runoff model and generate an
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Figure: 3 Details the shape and location of the 20 sub-basins derived using procedures
established by Merwade (2012 a,b,c) and their location within Jackson’s city limits.
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Table 1. Derived CN#’s and resulting estimated runoff for 1992, 2001, and
2011.

Sub-basin
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

1992
CN#
72.17
71.66
70.97
61.29
60.76
62.27
68.31
72.05
67.29
75.53
91.82
71.02
65.16
68.69
68.68
64.86
62.09
70.55
69.14
70.34

1992
Inches
0.95
0.92
0.89
0.46
0.44
0.50
0.76
0.94
0.71
1.14
2.35
0.89
0.62
0.78
0.78
0.60
0.49
0.87
0.80
0.86

2001
CN#
77.82
74.40
74.27
65.67
62.36
65.79
71.32
74.50
70.28
77.55
94.37
73.16
67.26
72.06
73.28
68.89
64.76
77.58
75.41
75.83

2001
Inches
1.28
1.07
1.07
0.64
0.50
0.64
0.91
1.08
0.85
1.26
2.60
1.00
0.71
0.95
1.01
0.79
0.60
1.26
1.13
1.16

2011
CN#
77.81
75.19
75.05
66.88
63.04
66.20
71.81
75.20
70.90
78.18
94.48
73.52
67.91
72.51
73.90
69.52
65.27
77.24
75.39
75.92

2011
Inches
1.28
1.12
1.11
0.69
0.53
0.66
0.93
1.12
0.89
1.30
2.61
1.02
0.74
0.97
1.05
0.82
0.62
1.24
1.13
1.16

Area km2
6.32
15.74
2.26
2.44
6.37
2.21
2.14
15.56
2.55
2.33
1.56
4.24
11.55
10.12
4.63
2.26
2.68
3.06
2.13
4.24

Estimated runoff amount for each sub-basin over the time of study (Table 1). There are many
other steps that both precede and follow the inclusion of curve number grids when following
Merwade’s (2012b) instructions. However, these steps are implemented when the purpose is to
develop a model that can be downloaded directly into the U.S. Army Corps of Engineers
hydrology program (HEC-HMS), but this was not the case in this study. Only the derivation of a
representative CN for each sub-basin originating from the different NLCD maps was sought.
2.6 Statistical procedures
Runoff data derived from the SCS curve number method was entered into the Statistical
Package for the Social Sciences (SPSS) version 24. Through SPSS, it was determined that runoff
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data was not normally distributed and would require the implementation of nonparametric
statistical procedures (Helsel, 1987). For the purpose of this paper, P values <0.05 were
considered to be statistically significant. In order to determine if the amount of rainfall runoff in
the study area had changed significantly over the study time (1992, 2001, and 2011), Friedman’s
ANOVA (the nonparametric equivalent to repeated measures ANOVA) was employed. In
instances were Friedman results were significant, the post-hoc Wilcoxon signed-rank test was
utilized in order to determine significance between years of study (1992, etc.). In addition, a
Spearman’s correlation analysis was also run in order to determine if a significant relationship
existed between percent change in precipitation runoff (1992-2011) and percent changes in urban
growth, forest, and agriculture (1992-2011).
3. Results
No appreciable change in the number of heavy rainfall events from the 1990s (n=198)
into the 2000s (n=208) was detected. Thus, the large increase in the number of flash flood
warnings does not seem to be entirely related to changes in the number of heavy rainfall events.
Next, relationships between estimated runoff and changes in LULC were assessed.
3.1 Estimated runoff
Figures 4a and b show changes in estimated runoff over time. The null hypothesis for
Freidman’s ANOVA was that the mean rank of estimated runoff was consistent over the study
period. Results from statistical procedures indicated there was a significant difference in
estimated runoff over time, χ2 (2) = 37.013, p = .000. The Wilcoxon signed-rank test was then
employed to determine if statistical significance was for the entire study period or if significance
only occurred between certain years of the study. All post-hoc comparisons were found to be
significant; specifically, 1992-2001 p = .000, 2001-2011 p = .001, and 1992-2011 p = .000.

38

1.4
1.2

Inches

1
0.8
0.6
0.4
0.2
0
Sub 1

Sub 2

Sub 3

Sub 4

Sub 5

1992

2001

Sub 6

Sub 7

Sub 8

Sub 9 Sub 10

2011

Figure: 4a Details estimated runoff values for sub-basins 1-10.
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Figure: 4b Details estimated runoff values for sub-basins 11-20. The estimated runoff values for
sub-basin 11 were normalized.
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Therefore, we reject the null hypothesis of no difference and can state that statistically significant
differences between estimated runoff occurred throughout the time of study.
3.2 Land-use and land cover
Changes in LULC included little to no variations in water and grassland/shrub areas,
however, a steady decrease in forested and agricultural areas and a steady increase in urban areas
was noted (Figure 1). Correlation analysis was performed based on percent changes in estimated
rainfall runoff and percent change in LULC that occurred between 1992-2011, 1992-2001, and
2001-2011. Results from correlation analysis indicated that a very strong, positive correlation (r
= .808) existed between percent change in runoff (PCR) and percent change in urban areas
(PCU) from 1992-2011. A moderate, positive correlation (r = .399) existed between PCR and
percent change in agricultural areas (PCA) during the same span of time. Statistical analysis for
PCR and PCU correlation was significant at p = .000 while PCR and PCA correlation was
weakly significant at p = .082. No significant relationship between PCR and percent change in
forest areas (PCF) was observed between 1992-2011. A strong, positive relationship (r = .704)
existed between PCR and PCU and a moderate, positive correlation between PCR and PCA (r =
.544) was noted for 1992-2001. Significance between PCR and PCU was p = .001 and
significance between PCR and PCA was p = .013. Again, no significant relationship was
indicated between PCR and PCF between 1992-2001. A weak, negative, relationship that was
weakly significant was noted between PCR and PCU (r = -.385, p = .094), while a moderate,
positive, and significant correlation between PCR and PCA (r = .507, p = .023) was noted for
2001-2011. However, no significant relationship between PCR and PCF existed during the same
span of time.
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4. Discussion
4.1 Changes in estimated runoff
Statistical analyses demonstrated runoff changes were significant for the study interval
(1992-2011; Figures 4a & b). However, estimated runoff in some sub-basins, between 2001 and
2011, exhibited little to no change or even a decrease in estimated runoff. For example, subbasins 1 and 20 revealed no appreciable change in runoff estimates, while sub-basins 18 and 19
displayed a decrease in estimated runoff. These outcomes may be attributed to the type of
urbanization taking place in these sub-basins. It is possible that the little to no change in
estimated runoff and decrease in runoff estimates is a reflection of a change between agriculture
and urbanization. A case has been made where a decrease in estimated runoff was explained by
conversion of agricultural lands to suburban lands (Grove, Harbor, Engel, & Muthukrishnan,
2001). The authors explained that in some instances a low-density or suburban area may have a
lower CN value when compared to certain types of agricultural areas, thereby impacting runoff
estimates. Comparisons of derived CN values (Table 1) offer possible confirmation of outcomes
alluded to by Grove et al. (2001). For example, differences in CN values between 2001-2011 in
sub-basins 1 and 20 were minimal, while slight decreases in CN values in sub-basins 18 and 19
between the same years were also noted.
4.2 Changes in land-use and land cover
As previously stated, changes in LULC included an increase in urban areas and decreases
in agricultural and forested areas. With the noted increases in estimated runoff, correlations
between percent changes in runoff and percent changes in urban and agricultural areas were, for
the most part, expected. Statistical outcomes from 1992-2001 and 1992-2011 describe positive
relationships indicative of areas experiencing urban growth with noted decreases in agricultural
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areas (Li & Wang, 2009). As previously mentioned, the amount of land classified as agriculture
decreased over the study period; this is indicated by negative increases in percent change.
Therefore, the positive relationship between PCR and PCA signifies an increase in runoff as the
amount of agricultural area decreases. Graphs illustrating the percent of land that was urban
(Figures 5a & b) and the percent of land that was agriculture (Figures 6a & b) illustrate changes
experienced in each sub-basin. However, the one exception was the negative correlation between
PCR and PCU, which is contrary to outcomes of similar studies (Li & Wang, 2009; Weng,
2001). Again, this might be explained by the conversion of agricultural lands to low-density
urban lands, lowering the CN value and reducing estimated runoff (Grove et al., 2001). A
reduction in the estimated runoff and an increase in percent of land that was categorized as urban
might produce the negative correlation observed in this study between PCR and PCU.
5. Conclusions
This study investigated whether increased urbanization may impact surface runoff
measured by issued flash flood warnings in Jackson, TN. We utilized the SCS curve number
method in order to produce estimated runoff over a 20-year period for the Jackson, Tennessee,
area. Derivation of a CN is an important component of the surface runoff model. Therefore,
based on procedures established by Merwade (2012 a,b,c) and beginning with LULC data from
1992, representative CNs for each sub-basin were determined. These procedures were then
repeated with the inclusion of LULC data representing 2001 and 2011. The SCS curve number
method was then employed in order to produce estimated runoff amounts for each sub-basin
during the time of study. Once obtained, statistical procedures were applied to determine if
estimated runoff amounts might be a factor in the increased number of flash flood warnings
issued in the study area.
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Figure: 5a Details the percent of land categorized as urban in sub-basins 1-10 for 1992, 2001,
and 2011.
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Figure: 5b Details the percent of land categorized as urban in sub-basins 11-20 for 1992, 2001,
and 2011.
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Figure: 6a Details the percent of land categorized as agriculture in sub-basins 1-10 for 1992,
2001, and 2011.
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Figure: 6b Details the percent of land categorized as agriculture in sub-basins 11-20 for 1992,
2001, and 2011.
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Statistical analysis of estimated runoff and LULC changes were, statistically significant.
Changes in runoff estimates were significant between 1992-2001, 2001-2011, and 1992-2011.
The majority of correlation analyses between PCR and PCU and PCR and PCA, during the study
interval, were also significant. Outcomes of correlation analyses included an increase in
estimated runoff as urban areas increased and agricultural areas decreased. Calculated runoff, in
the study area, increased by 25% from 1992-2011. The majority of the stated increase in
estimated runoff occurred from 1992-2001 (22%), while estimated changes in runoff from 20012011 were only about 3%. Therefore, changes in LULC might be a factor in the increase in flash
flood warnings issued from the 1990s to the 2000s.
However, there are limitations that must be considered. First, the more detailed a LULC
change map is the more representative a CN value can be produced. This study employed NLCD
maps that are primarily used for regional studies instead of comparisons made at a smaller than
regional scale (Crowther, 2015). In addition, the use of the 1992 retrofit data may have limited
the number of land-use classes available for comparison. Use of more detailed classes, such as
specific types of agricultural lands or distinctions between low, medium, and high intensity
urban development, might have a significant impact on the derivation of CN’s. For example,
because the water land-use class and wetlands land-use class were combined and labeled as
water, initial runoff estimates in sub-basin 11 were likely exaggerated. This is because standing
water has a high CN value and treats runoff water similar to that of impervious surfaces. If more
detailed land-use classes had been used when deriving CN values, normalization of estimated
runoff results for sub-basin 11 would have been unnecessary. Second, the inclusion of satellite
imagery for the purpose of completing a LULC study of the area would allow for more detailed
classes, while covering a significantly longer period of time. A LULC change study and a longer
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time period might produce estimated runoff outcomes that differ from these results.
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CHAPTER 4
Effect of Development on Water Quality in the South Fork of the Forked Deer Watershed,
Western, Tennessee.
Introduction
The links between urban development and resulting environmental impacts to surface and
ground waters have long been shown (Hall et al., 1999; Ren et al., 2003; St-Hilaire et al., 2016).
Previous studies have correlated urban growth and related land-use changes with a decrease in
the quality of surface waters (Aichele, 2005; Tu et al., 2007; Tu, 2011). This study focuses on a
single watershed in Tennessee, the South Fork of the Forked Deer River, and the effects of
urbanization of the adjacent areas have on surface water quality, both temporally and spatially.
Overall, the statistical approach used in this study did not reveal any appreciable influence of
land-use changes on surface water quality, contradictory to expectations based upon previous
studies.
According to the U.S. Census Bureau, the United States, the third most populous nation
on Earth, currently has a population of over 323 million people and continues to grow at a rate of
approximately 2.6 million people per year (U.S. Census Bureau, n.d.). Urban sprawl is the most
common form of expansion used to support this continued population growth (Hamidi and
Ewing, 2014). One of the fastest growing regions of the U.S. is the southeast (Johnson, 2012),
where it is estimated that continued urban expansion could add an additional 125,000 km2 of
developed land (an increase of 42%) by 2060 (Hamidi and Ewing, 2014). Not only is
southeastern expansion expected to continue, it is also suggested that urban growth will be
particularly rapid in the state of Tennessee through the year 2030 (White et al., 2009). One of the
environmental outcomes associated with sprawl and urban development due to physical changes
made to the landscape is the negative impact on water quality, such as nutrient enrichment and
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Increased concentration of dissolved solids.
For example, many previous studies have shown a direct correlation between increased
development in watersheds and higher concentrations of indicators of degrading water quality,
such as dissolved ions (Ca and Mg) or dissolved solids (Interlandi and Crockett, 2003; Aichele,
2005; Tu et al., 2007; Liu et al., 2009; Tran et al., 2010; Tu, 2011, 2013). In a study by Interlandi
and Crockett (2003), the authors reported that the observed increase in dissolved solutes found in
the Schuylkill River, southeastern Pennsylvania, correlated with the amount of urban sprawl that
had occurred in that watershed. Tu et al. (2007) focused on Boston and the increasing amount of
sprawl that had occurred in the surrounding suburbs. The authors reported that significant
correlations between pronounced urban sprawl indicators in the eastern Massachusetts area and
water quality indicators had been established. For example, Na, Mg, Ca, and specific
conductivity (SC) all had significantly positive correlations with population density and the
percent of developed land-use. In a series of papers by Tu (2011, 2013) the relationships between
land-use changes and water quality indicators across northern Georgia, USA were investigated.
In both studies, Tu reported that, in general, lower amounts of forested area and higher amounts
of developed area lead to a more pronounced concentration of water quality indicators in surface
waters. The main difference between the two articles is that the 2013 study focused on the use of
Geographic Weighted Regression (GWR) as opposed to the use of Ordinary Least Squares
Regression (OLS). Based on results from GWR, Tu described the importance of the modification
of best management practices for different watersheds. The variation in best management
practices was based on the premise that there are significant and varying relationships between
water quality indicators and land-use variables because the level and source(s) that affect surface
water may not be constant across an area.
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To a large extent, the focus of previously-mentioned sprawl-related analyses have
emphasized regions that encompass sizeable study areas, or numerous watersheds, or areas that
house large populations. However, since sprawl is predicted to have a prominent impact on
Tennessee in the foreseeable future (White et al., 2009), and with the majority of future urban
growth predicted to occur in areas with populations of less than 500,000 (Cohen, 2006), a study
on current water quality trends in west Tennessee was warranted. The objectives of this study
were to (1) establish that the chosen study area has similar characteristics in development and
population growth as previous studies while focusing on a region with a smaller watershed, a
smaller land area and a lower population. And to (2) identify any spatial or temporal changes to
water quality associated with growth and development by making sub-basin comparisons of
water quality indicators.
Study Area
The South Fork of the Forked Deer (SFFD) River Watershed is located in west Tennessee
and incorporates portions of eight different counties: Madison, Haywood, Chester, Crockett,
Henderson, Lauderdale, McNairy, and Dyer. The SFFD Watershed encompasses more than
1,000 square miles and is divided into six sub-basins (Fig.1). The six sub-basins were defined
based on major hydrologic boundaries (i.e. sub-basins 1 and 2 are defined by a divide between
the North Fork and the South Fork of the Forked Deer River); areas drained by major tributaries;
and/or convenient splits to divide the area into approximately equal areas. The methods used to
define the sub-basins correspond to the National Hydrography Dataset sub-basin divisions (“U.S.
Geological Survey - National Hydrography Dataset,” n.d.). The largest portion of the SFFD
Watershed (nearly 32%) can be found in Madison County. Jackson, TN, the largest and most
populated city in the watershed (~67,000 inhabitants), is also located in Madison County
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Figure 1: Base map showing the location of the SFFD watershed (red outline); the defined subbasins (numbered areas within the SFFD watershed); and the location of the Jackson urban area
(black outline). GIS data was derived from the National Map (“U.S. Geological Survey National Hydrography Dataset,” n.d.).
(Tennessee Department of Environment and Conservation, 2002). As noted in Fig. 1, the
southern half of Jackson, TN is included in sub-basin two, and because of this, nearly 42% of the
estimated total population of the SFFD Watershed is located there.
What makes the SFFD Watershed ideal for a review on water quality is the possible
influence of development on surface water and that the South Fork of the Forked Deer River
(SFFD) is on the Tennessee Department of Environment and Conservation’s (TDEC) 303(d) list
as required by the Clean Water Act. The 303(d) list is an inventory of surface water bodies in
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Tennessee that exceed or may exceed surface water quality standards established by TDEC
(Division of Water Pollution Control, 2004). Streams or lakes included on the 303(d) list are in
violation of one or more water quality standards and are considered to be negatively impacted
due to the input of pollutants or other water quality indicators. According to the 2002 303(d) list
from TDEC’s website (Tennessee Department of Environment and Conservation, n.d.), the
SFFD has been continuously on the 303(d) list since 2002. In 2004, TDEC implemented a more
precise classification of surface water impairment which then placed SFFD on the highest listed
impairment, a Category 5. A review of listed pollutant sources in the SFFD from all available
303(d) lists (2002–2016) include:
•

Non-irrigated Crop Production

•

Channelization

•

Undetermined Pathogen Source / Undetermined Fecal Source

•

Discharges from MS4 area

•

Dredge Mining

•

Sand/Rock/Gravel Mining

•

Land Development

•

Municipal Point Source
Data and Methods
Percentages of land-use and land cover change in the SFFD Watershed were calculated

based on maps produced by The National Land Cover Database (NLCD) applicable to 2001 and
2011(Homer et al., 2007, 2015). Production of the NLCD originated from the Multi-Resolution
Land Characteristics (MRLC) consortium. The MRLC is an assembly of federal agencies who
basically work together for the purpose of producing detailed public domain land-use
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information for the nation (“Multi-Resolution Land Characteristics Consortium (MRLC),” n.d.).
The NLCD for 2001 and 2011 are both based on a system that defines land-use for the
conterminous United States on a 16-class scheme provided at 30 meters of resolution. Land-use
maps for the SFFD watershed were loaded into GIS software where the NLCD land-use
classification types were then combined and aggregated into three different categories of landuse indicators: developed, undeveloped, and agriculture (Fig. 2). The aggregated categories were
calculated by combining the NLCD classes as follows:
•

Developed – Developed (open space); Developed (low intensity, medium intensity, and
high intensity);

•

Undeveloped – Barren land; deciduous forest; evergreen forest; mixed forest;
shrub/scrub; grassland/herbaceous; and

•

Agricultural – hay/pasture; cultivated crops.

The areal extent (square km) for the aggregated land-use categories were calculated for each subbasin (Table 1).
Census block population data and corresponding shapefiles were obtained from the 2000
and 2010 census (U.S. Census Bureau, n.d.). This information was then used in the production of
population density maps for 2000 and 2010 in the SFFD Watershed (Fig. 3). Population
estimates for the SFFD Watershed were determined by multiplying the census derived
population density by the total area of each sub-basin and the percentage of the area of each
census block located within the SFFD watershed, as determined using GIS software. By utilizing
this method, the estimated population of each sub-basin and census block in the SFFD
Watershed for 2000 and 2010 was determined (Table 1).
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Figure 2: Reclassified land-use maps for 2001 and 2011 (“Multi-Resolution Land Characteristics
Consortium (MRLC),” n.d.).
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Figure 3: Population density per census block for the SFFD watershed (U.S. Census Bureau,
n.d.).
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Table 1. Statistical Summary of Land-use and Population Changes in Individual Subbasins of SFFD Watershed for “2000” and “2010”
“Sub-basins”
Land-use &
Population

Basin 1

Basin 2

Basin 3

Basin 4

Basin 5

Basin 6

Dev.2000
Dev.2010
Undev.2000
Undev.2010
Ag.2000
Ag.2010
Pop.2000
Pop.2010

58.23
59.18
469.95
497.73
282.04
280.62
17,580
23,242

64.10
65.27
401.95
402.04
238.78
235.68
47,694
46,747

27.58
28.19
161.23
161.40
108.22
107.49
7,275
16,116

28.45
29.03
149.00
149.18
132.96
132.26
4,759
5,682

55.67
56.02
240.40
240.99
324.67
323.65
11,052
12,630

28.39
28.92
114.46
114.66
177.18
176.39
6,980
7,939

All land-use indicators are figured in km2
Water quality data for the SFFD Watershed was obtained from the Environmental
Protection Agency’s (EPA) STORET Central Warehouse (EPA, n.d.) and directly from the
Tennessee Department of Environment and Conservation (TDEC), Division of Water Pollution
Control, Jackson, TN, Environmental Field Office. Water quality indicators included in this
study are alkalinity (Alk), dissolved oxygen (DO), hardness (Ca + Mg), pH, total suspended
solids (TSS), turbidity, settleable solids (SS), nitrate + nitrite (NO2 + NO3), total phosphorous
(TP), ammonia + organic nitrogen (KN), total organic carbon (TOC), ammonia (NH3), and
conductance. Since test results for specific conductance and conductivity were reported with
nearly equal representation they were combined and renamed conductance.
Water quality indicators can be broadly split into three predominant, yet interrelated
categories: soil and bedrock controlled (e.g., hardness, alkalinity, and pH); runoff related (e.g.,
total dissolved solids (TDS); conductance; total suspended solids (TSS); settleable solids (SS);
and turbidity); and biologically controlled (e.g., DO; nitrate/nitrite; total phosphorous (TP),
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Kjeldahl nitrogen (KN), total organic carbon (TOC), and ammonia) (Drever, 1988). The soil and
bedrock controlled parameters alkalinity (carbonate and bicarbonate), hardness (dissolved Mg
and Ca cations), and pH are derived from soil and bedrock conditions (i.e., weathering reactions)
in the surrounding watersheds (Drever, 1988; Crittenden et al., 2012). Alkalinity provides an
important buffer for acidity (i.e., stream water pH) and toxicity of metallic compounds (e.g.,
copper and aluminum), essential for healthy biological activity. Generally, concentrations of
alkalinity exceeding ~20 mg/L is considered optimal for aquatic life. Additionally, hardness
provides important nutrient material for the growth of exoskeletons of arthropod species. Large
variations in pH can be related to changes in organic matter decomposition, photosynthesis, and
man-made causes, such as acidic rain. Acidification of surface water can lead to the leaching of
metals (e.g., Alk and Cu) and toxicity for aquatic life.
Runoff related water quality parameters, such as TSS, SS, turbidity, TDS, and
conductance can be related to influx of runoff water from agricultural land, roadways, and
addition of dissolved ions from waste treatment and/or acidic mine drainage (Mallin et al., 2009).
Additionally, the causes of changes in conductance and TDS overlap with hardness and
alkalinity. Changes in TSS and turbidity can impair water quality for aquatic life and potentially
constrict stream channels leading to increased risk of flooding.
The biologically controlled parameters are generally related to improper wastewater
disposal, input from agricultural runoff, and/or land-use changes in riparian zones (Dubrovsky et
al., 2010; Crittenden et al., 2012). This group of parameters includes important nutrients
(nitrate/nitrite; TP, KN, and ammonia); DO; and TOC (derived from natural sources of decaying
organic matter and synthetic sources, such as pharmaceuticals). Nitrogen (nitrate, nitrite, and
ammonia) can cause health problems, particularly to the elderly and TOC provides a quick,

61

accurate assessment of pollution potential in wastewaters. Dissolved oxygen (DO) can be related
to biological activity (e.g. respiration and decay of organic matter), changes in land-use (e.g.,
cleared land may provide an input of excessive organic matter), stream conditions (e.g.,
turbulence and channelization), and the loss of riparian zones (e.g., can lead to increase in water
temperature and decrease in DO) (Wilcock et al., 1995). In addition to these issues, increased
nutrient load into surface waterways can cause algal blooms and eventually lead to
eutrophication (Bricker et al., 2008).
Datasets obtained from the EPA and TDEC were combined and reviewed. Many of the
data collection dates contained results from only a small number of water quality indicators and
were thus not applicable. In order to maintain data consistency, water quality indicators from
2000, 2001, and 2002 were grouped together and reported as water quality indicators
representing “2000”. This procedure was then repeated for water quality indicators from 2010,
2011, and 2012. These indicators were then grouped together and reported as water quality
indicators representing “2010”. According to data collection dates, water quality samples were
often sporadic and incomplete between 2003 and 2009 and thus were not considered for
statistical analysis. Following the previously mentioned data management procedures, sufficient
water quality data was derived for all sub-basins with the exception of sub-basin three. No water
quality data was gathered for the 3rd sub-basin; a statistical summary of water quality indicators
can be found in Table 2. With land-use data, population data, and water quality data organized in
order to generally represent “2000” and “2010”, statistical analysis could thus proceed.
All water quality data were entered in IBM’s Statistical Package for the Social Sciences
(SPSS) version 22 and checked for normality. Since it was determined that the data were not
normally distributed, nonparametric statistical procedures were employed (Helsel, 1987). For the
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Table 2. Statistical summary of water quality indicators for “2000” and “2010”

WQI

Mean Median

Alk
DO
Ca+Mg
pH
TSS
Turbidity
SS
NO2+NO3
TP
KN
TOC
NH3
Conductance

18.7
8.80
19.95
6.88
55.26
42.54
0.31
0.52
0.15
0.19
3.91
0.06
79.09

18.50
9.03
20.00
6.91
23.50
19.40
0.30
0.45
0.09
0.12
3.10
0.02
80.00

n 2000
82
81
83
80
82
71
82
83
82
72
59
82
79

Mean Median
17.22
8.94
19.23
6.99
41.35
35.88
0.19
0.35
0.13
0.32
3.20
0.07
70.62

17.00
8.55
18.00
7.02
31.00
25.00
0.20
0.31
0.11
0.25
3.00
0.04
71.00

n 2010
82
79
82
80
83
83
83
82
78
78
70
78
80

N = Total number across all sub-basins
purpose of this study, all differences with P values <0.05 are considered significant; all
differences with P values <0.10 are considered weakly significant. Statistical comparisons of
water quality data were made between individual sub-basins utilizing the Kruskal-Wallis H test
for both “2000” and “2010” data. In instances where test results were significant, pair-wise
comparisons were employed in order to determine in which sub-basins the significant
relationships had occurred. Wilcoxon signed ranked tests were employed in order to determine
any significant changes over time (20002010) in water quality within each individual sub-basin.
Results
As previously stated, the purpose of this study is two-fold. First, establish that growth and
development in the SFFD Watershed has similar characteristics with studies that provide
statistical evidence of a relationship between urban sprawl and negative impacts on water quality
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(Interlandi and Crockett, 2003; Tu et al., 2007; Tu, 2011, 2013). The establishment of this
relationship will provide a platform for the second objective of this study that focuses on changes
in water quality over space and time. Upon closer examination, similarities between the study
area and aforementioned journal articles concerning population growth, urban development, and
land-use change can be expressed.
For example, the study area in Interlandi and Crockett’s 2003 article is the Schuylkill
River watershed that includes Philadelphia’s urban population of just over three million. The
authors explain that even though population has increased by nearly 20% per decade over the last
30 years in the Schuykill watershed, the Philadelphia area lost several thousand inhabitants over
the same time period. The majority of population growth occurred in the surrounding rural
counties. This is the same pattern that has occurred in the SFFD watershed over a 10-year time
frame, though on a smaller scale. Referring to Table 1, sub-basin 2 is the only sub-basin that lost
population over the study period. The largest city in the study area, Jackson, TN, is located in
this basin and has experienced population growth trending in the northern portion of the city.
While people are moving out of the southern part of the city in sub-basin 2, populations in all
other sub-basins have experienced positive growth with sub-basins 1 and 3 showing significant
growth.
Tu and others (2007) describe a situation where a large urban center, Boston, MA, is
experiencing substantial sprawl in the outskirts of this heavily populated area. The study area
described by Tu and others not only includes a large populated urban zone, it is also a region
with a large amount of agriculture and forested lands. Tu’s 2011 and 2013 journal articles also
describe study areas of large population centers surrounded by vast amounts of forested and
agricultural spaces. These studies focus on the northern Georgia area including the city of
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Table 3. Statistical Summary of Cumulative Land-use and Population Changes Across
SFFD Watershed for “2000” and “2010”

“Sub-basins”
Land-use
&
Population

Basin 1

Basin 2

Basin 3

Basin 4

Basin 5

Basin 6

Dev.2000
Dev.2010
Undev.2000
Undev.2010
Ag.2000
Ag.2010
Pop.2000
Pop.2010

58.23
59.18
496.95
497.73
282.04
280.62
17,580
23,242

122.33
124.45
898.90
899.77
518.82
516.29
65,274
69,988

149.91
152.64
1060.13
1061.18
627.04
623.79
72,549
86,104

178.36
181.67
1209.13
1210.36
760.00
756.05
77,308
91,787

234.04
237.69
1449.53
1451.35
1084.67
1079.70
88,360
104,416

262.42
266.61
1563.99
1566.01
1261.85
1256.08
95,340
112,355

Net
Change
(+/-)

4.19
2.02
-5.76
17,015

All land-use indicators are figured in km2
Atlanta. Tu explains that the northern Georgia study area’s growth has predominantly occurred
through the development of agricultural or forested areas. Again, a similar pattern of growth is
occurring in the SFFD watershed at a smaller level. Table 3 displays the area (square km) of
agricultural lands that have decreased while the amount of developed and undeveloped land has
increased across the study area.
In addition, graphical representations of the relationships between water quality
indicators and changes in land-use and population in the study area also provide evidence of the
similarities between previously mentioned studies and the SFFD watershed. Figures 4, 5, and 6
display the relationship between increasing percentages of developed lands, agricultural lands, a
decrease in undeveloped lands and water quality indicators for 2000 and 2010; the same
information for increased population is also given in Figure 7. Graphs for population change,
developed, undeveloped, and agricultural land express a clear relationship between these land-

65

Figure 4: Developed land-use versus
water quality indicators. Red triangles
indicate samples from 2001 and blue
triangles indicate samples from 2011.

Figure 5: Undeveloped land-use versus
water quality indicators.
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Figure 6: Agriculture land-use versus
water quality indicators.

Figure 7: Population versus water quality
indicators.
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use changes and an increase in total hardness, alkalinity, and conductivity. Based on the range
(i.e. little scatter in measurements for each sampling event) the authors chose the aforementioned
runoff and weathering related indicators to display time dependent trends. As the total population
increases or the percent of developed land and agricultural land increases and the amount of
undeveloped land decreases, the amount of each of these water quality indicators also increases.
These findings are consistent from 2000 to 2010. While these outcomes may not carry the same
statistically significant results when compared to findings of the aforementioned studies, they do
add to the body of evidence explaining the similarities between sprawl and water quality. This
presented information should now serve as a proxy for the relationship between sprawl and water
quality; as sprawl increases this should have a negative impact on water quality in the SFFD
watershed.
In order to test whether any significant changes in water quality had occurred across the
SFFD watershed, a Kruskal-Wallis test (non-parametric ANOVA) was employed. The null
hypothesis for the Kruskal-Wallis test was that the mean rank of water quality indicators is
consistent across all sub-basins. A significant result indicates that the mean rank of a water
quality indicator is significantly different between one or more sub-basins. If the P value of the
statistic is less than .05 we will reject the null hypothesis of no difference. Statistical analyses
produced from Kruskal-Wallis indicated that differences in six different water quality indicators
for “2000” were significant (Table 4):
Alk, χ2 (4 = 34.76, p = 0.000),
Ca+Mg (hardness), χ2 (4 = 37.66, p = 0.000),
TSS, χ2 (4 = 16.97, p = 0.002),
NO2+NO3, χ2 (4 = 30.01, p = 0.000),
TP, χ2 (4 = 19.83, p = 0.001),
Conductance χ2 (4 = 38.97, p = 0.000).
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Table 4. Kruskal-Wallis Water Quality Indicators SFFD Watershed Sub-basins

Sub-basins
WQI 2000
Alk
DO
Ca+Mg
pH
TSS
Turbidity
SS
NO2+NO3
TP
KN
TOC
NH3
Conductance

Sub-basins

1

2

4

5

6

α

14.17
41.50
16.04
51.20
24.42
31.42
26.32
14.38
24.04
41.17
33.85
37.63
10.82

26.92
47.04
31.21
46.29
37.46
33.17
40.42
26.54
22.71
31.08
26.10
34.00
20.41

45.17
42.90
43.13
31.98
36.04
31.67
40.67
48.63
48.46
33.42
29.70
36.57
49.25

47.38
38.76
44.04
39.22
49.41
41.17
47.56
49.23
48.46
39.42
30.55
50.92
44.20

66.73
34.45
75.18
45.73
59.91
47.91
46.45
58.77
51.32
40.59
30.11
43.68
60.18

.000
0.732
.000
0.151
0.002
0.178
0.137
.000
0.001
0.579
0.904
0.119
.000

WQI 2010
Alk
DO
Ca+Mg
pH
TSS
Turbidity
SS
NO2+NO3
TP
KN
TOC
NH3
Conductance

Bold and Italicized = p <.05 Significant, Bold = p <.1 Weakley Significant
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1

2

4

5

6

α

15.96
39.43
17.06
47.43
29.17
33.75
32.67
24.40
17.48
26.00
27.20
37.09
14.95

30.04
41.00
33.04
36.13
37.25
40.29
42.04
28.92
22.64
30.59
36.22
26.73
27.42

45.09
32.42
41.42
29.96
38.04
35.46
39.25
48.00
41.50
34.95
31.78
38.60
46.96

56.17
41.00
58.67
32.00
63.54
62.79
52.92
56.58
62.08
60.79
49.13
54.88
54.91

64.76
43.54
63.45
45.72
48.70
44.07
47.46
54.93
55.98
47.54
36.98
40.28
61.50

.000
0.752
.000
0.112
0.001
0.012
0.090
.000
.000
.000
0.058
0.053
.000

Pair-wise comparisons were run to determine between which sub-basin(s) the significance had
occurred. In general, significance in water quality indicators occurred between upstream subbasins (1 & 2) and downstream sub-basins (4, 5, & 6) with the exception of Ca+Mg
(hardness)which showed significance between sub-basins 46 and 56. For 2010, KruskalWallis tests indicated that differences in eight different water quality indicators were significant
(Table 4):
Alk, χ2 (4 = 57.38, p = 0.000),
Ca+Mg (hardness), χ2 (4 = 52.05, p = 0.000),
TSS, χ2 (4 = 18.97, p = 0.001),
Turbidity, χ2 (4 = 12.87, p = 0.012),
NO2+NO3, χ2 (4 = 28.70, p = 0.000),
TP, χ2 (4 = 51.12, p = 0.000),
KN, χ2 (4 = 23.54, p = 0.000),
Conductance χ2 (4 = 54.35, p = 0.000).
In addition, two other water quality indicators exhibited weak significance (p < 0.1), SS (0.09)
and TOC (0.06). Pair-wise comparisons for “2010” (Table 5) revealed that significance between
water quality indicators all occurred between upstream sub-basins (1 & 2) and downstream subbasins (4, 5, & 6).
The Wilcoxon signed-rank test (non-parametric T-test) was also run in order to determine
if any significant changes in water quality had occurred within each sub-basin between “2000”
and “2010”. The null hypothesis for this test is that the mean rank of water quality indicators is
consistent within each individual sub-basin. A significant result indicates that the mean rank of a
water quality indicator changed significantly over time (20002010). If the P value of the
statistic is less than 0.05 we will reject the null hypothesis of no difference. Significance levels
from signed-rank tests of water quality indicators reveal that the majority of tested indicators
within sub-basins did not significantly change over time. Specifically, results from Wilcoxon
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Table 5. Pair-wise Comparisons from Kruskal-Wallis H Test for 2000 and 2010

WQI 2000
Alk
Ca+Mg
TSS
NO2+NO3
TP
Conductance

Significance between Sub-basins
1-4 (.003)
1-4 (.014)

1-5 (.001)
1-5 (.010)
1-5 (.031)
1-5 (.000)
1-5 (.040)
1-5 (.001)

1-6 (.000)
1-6 (.000)
1-6 (.003)
1-6 (.000)

Alk
1-4 (.008) 1-5 (.000)
Ca+Mg
1-4 (.037) 1-5 (.000)
TSS
1-5 (.001)
Turbidity
1-5 (.006)
NO2+NO3
1-5 (.001)
TP
1-5 (.000)
KN
1-5 (.000)
Conductance 1-4 (.001) 1-5 (.000)
Adjusted Significant Values

1-6 (.000)
1-6 (.000)

1-4 (.001)
1-4 (.037)
1-4 (.000)

1-6 (.000)

2-6 (.001)
2-6 (.000)

2-4 (.022)
2-4 (.006)

2-5 (.024)
2-5 (.050)

2-6 (.014)
2-6 (.040)
2-6 (.000)

WQI 2010
2-6 (.000)
2-6 (.004)

1-6 (.000)
1-6 (.000)
1-6 (.014)
1-6 (.000)

2-5 (.044)
2-5 (.000)
2-5 (.014)
2-5 (.046)
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2-6 (.021)
2-6 (.001)
2-6 (.000)

4-6 (.002)

5-6 (.004)

Singed-Rank test indicated that no significant changes in water quality had occurred in subbasins 1, 2, and 4 with significant changes identified only for SS in both sub-basin 5 (p = 0.039)
and sub-basin 6 (p = 0.036). Weak significance of SS (p = 0.067, p = 0.095) and KN (p = 0.092,
p = 0.074) was also observed in sub-basins 2 and 4 while weak significance of NO2+NO3 (p =
0.091, p = 0.050) and KN (p = 0.080, p = 0.052) occurred in sub-basins 5 and 6. Outcomes
fromprevious statistical procedures indicate that significant changes between sub-basins were not
strongly influenced by any substantial changes of water quality within the sub-basins over time,
but were probably caused by the cumulative effect of pollutants in the SFFD River flowing
downstream.
As previously mentioned, Jackson is the largest and most populated city in the SFFD
watershed. Current water quality data briefly focuses on Jackson as only part of Madison County
is located within the study area. In addition, water quality data specifically for Jackson, TN is
limited. However, since Jackson is the major metropolitan area for the SFFD watershed, an
attempt to determine if statistically significant differences in water quality indicators for the
Jackson area was undertaken. Data for the Jackson area was divided into representative
information for North Jackson and South Jackson. Since we were evaluating data between North
and South Jackson, a Wilcoxon Signed-Rank test was implemented. A significant result indicates
that the mean rank of a water quality indicator changed significantly between North and South
Jackson. If the P value of the statistic is less than 0.05 we will reject the null hypothesis of no
difference. Significance levels from signed-rank tests of water quality indicators reveal that the
majority of tested indicators between North and South Jackson were not found to be significant
(Table 6). Of the seven water quality indicators tested for North and South Jackson only pH was
found to be significant (p = 0.030) and NO2+NO3 was found to be weakly significant (p = 0.065).
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Table 6. Statistical Summary and Wilcoxon Signed-Rank Test and Outcomes for
Water Quality Indicators for North and South Jackson

WQI

Mean

Median n North

Mean

Median n South

p

Alk
DO
Ca+Mg
pH
TSS

14.83
8.67
17.03
6.73
40.95

15.00
8.78
17.00
6.77
29.00

24
30
31
30
22

15.38
9.24
17.29
6.92
38.79

14.50
9.13
15.00
6.70
24.50

34
48
34
48
24

0.675
0.681
0.873
0.030
0.592

NO2+NO3
Conductance

0.40
58.42

0.37
57.00

24
30

0.30
53.09

0.19
54.00

24
47

0.065
0.178

Again, it is strongly suggested that the limited number of samples (n) had an impact on resulting
statistical outputs.
Discussion
Through the use of graphical representation and listing similarities between the study area
and aforementioned studies on the effect of sprawl and water quality a conclusion can be
drawnon the possible influence of development on water quality in the SFFD watershed.
Previous studies document evidence of urban growth affecting water quality. This study tested
the hypothesis that increasing urbanization in the SFFD watershed may similarly have a negative
impact on water quality. The traditional means of assessing this relationship would be through
the application of a correlation analysis; however, this process was not possible due to a low
sample size (N=10). Because we had one measure of data representing population and land-use
for “2000”, one for “2010” in each sub-basin, and several measures of data representing water
quality indicators in each sub-basin we had no way to make comparisons without decreasing the
total number of observations. A procedure was tried where the means of each water quality
indicator for “2000” and “2010” were computed for each sub-basin, and then differences
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between those means were determined. In addition, differences between land-use indicators and
population for “2000” and “2010” within each sub-basin were also established. The differences,
or changes, in each sub-basin from 2000 and 2010 were then used to run a correlation analysis;
however, because of the low N we did not feel that the analysis provided statistically valid
conclusions. Using a larger sample size would result in more accurate statistical outcomes
(Hinkle et al., 2003) when performing a correlation. When a small sample size is used in the
application of a correlation, the results may be too easily influenced. Basically, when using a
small sample size for correlation it is easy to fail to reject the null hypothesis when use of a
larger sample size would find that the null hypothesis is rejected (Rogerson, 2008), thus the use
of proxy data and graphical representation to establish a correlation.
In order to determine changes in water quality over space and time throughout the SFFD
watershed, Kruskal-Wallis and Wilcoxon Signed-Rank tests were employed. Results of the
Kruskal-Wallis test indicated that a few water quality indicators were significantly different
between the sub-basins. In these instances the significance occurred between upstream subbasins and downstream sub-basins. This may indicate that significance levels were generally due
to increased concentrations of water quality indicators flowing downstream. Wilcoxson Signed
Rank test was then performed to determine if any changes in water quality over time might have
impacted results from the Kruskal-Wallis tests. Results of the Wilcoxson test indicated that only
SS was significantly different from between 2000 and 2010 and this occurred only in sub-basins
5 and 6. These results indicate that as growth and development is occurring in the study area, no
appreciable changes in water quality have occurred over the timeframe of available data.
The lack of water quality changes related to land-use changes in the study area are
contradictory to previous studies and the expectations of the authors. The reasons for the lack of
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negative water quality response may be related to a variety of factors. For instance, only minor
changes in riparian cover and channelization have occurred within the site, which have the
potential to affect multiple parameters. Additionally, improved agricultural best practices (e.g. no
till farming and controlled applications of fertilizers) may limit the runoff of soil and/or fertilizer
derived nutrients within the watershed. Finally, storm water and wastewater influx into the SFFD
may be well controlled and sufficient for the increased development and population growth.
Conclusions
The study analyzed environmental impact of urban development in the Southeast US.
Specifically, we studied association between urbanization and water quality measured by various
parameters related to soils and bedrock (alkalinity, hardness, and pH), runoff and biological
parameters. In the South Fork of the Forked Deer watershed, even though population, developed
land, and undeveloped land have increased and the amount of agricultural land has decreased,
water quality has not significantly changed. Upon examination of Table 2 it is clear that the
mean values of many of the water quality indicators have gotten better even though development
and growth increased during the time of study. A number of explanations might provide a reason
for this seemingly contradictory find, based on examination of presented literature. The state of
Tennessee and the city of Jackson have implemented many programs to curtail the impact on
water quality due to growth and development. For example, general storm water permits, multisector storm water permits, and local agricultural best management practices have been in place
since the 1980s. In addition, the (“Aquatic Resource Alteration Permit (ARAP) - TN.Gov,” n.d.)
and the (“NPDES Municipal Separate Storm Sewer System (MS4) Program - TN.Gov,” n.d.) for
small municipal separate storm systems were both in place long enough in order to have a
positive impact on water quality in the study area.
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These results are not exclusive. For example Aichele (2005) found that 14 watersheds in
Oakland County, MI, displayed evidence of considerable urban development. As a result,
measures of urbanization were found to be highly positively correlated with some water quality
indicators such as dissolved solids, potassium, and specific conductance. Overall, Aichele
explains that the majority of the negative impacts on water quality normally associated with
urban growth were not apparent. He indicates that these outcomes might be due to improved
storm water management practices and changes in patterns of urban expansion.
Future studies on water quality in the SFFD watershed might include a longer study
period. Additional data that covered a longer time frame might grant greater clarity in
interpreting these specific statistical outcomes (i.e. the current outcomes might change based on
a longer trend with more data). This would alleviate the need for proxy data to serve as a
substitute for correlation analyses. Being able to compare water quality samples from specific
points with more land-use change and population change information would allow for more data
points and hence provide the opportunity to perform other correlation analysis. Another possible
endeavor into the study of water quality in the SFFD watershed might be to focus on just two or
three sub-basins within the water shed. Or, initiate a comparison with a small nearby basin that
has also undergone dramatic land-use changes during roughly the same time period as the SFFD.
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CHAPTER 5
1.

Conclusion
The primary objective of this doctoral research was to investigate environmental impacts

of urban growth occurring in and around the Madison County, Jackson, TN area. Specific
research questions were utilized in order to establish urban growth and decentralization, changes
in land-use and land cover (LULC), changes in estimated rainfall runoff, and changes in water
quality pertaining to the study area. First, urban growth in Madison County over the study period
(1992-2011) was described, while recognizing interrelationships between decentralization and
socio-economic factors. Next, the established urban growth was compared to estimated runoff
values determined for the same twenty-year time span. Thus, providing a link between increases
in flash flood warnings and a sprawling study area. Finally, population growth and development
in Madison County and within the South Fork of Forked Deer (SFFD) Watershed were assessed
for any impacts on water quality.
Specifically, the 2nd chapter describes how urban sprawl and decentralization occurred in
Madison County. It was determined that the study area followed well-established patterns
whereby less urbanized areas (agriculture and forest) were converted into residential and/or
urban. Over the time of study, the population of Madison County increased by over 26%,
however, the majority of population growth did not occur in the original city center but was
found to be distributed in areas that were once non-urban. The southeastern region of the United
States has an established history of increasing population with a higher than average developed
area per person (Alig, Kline, & Lichtenstein, 2004). Madison County followed the same pattern
as county agricultural lands were converted into subdivisions or large lot housing for “mini-
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mansions” and businesses continued to move from the original city center to the suburbs. The
following conclusions were highlighted:
•

Increase in the Urban class was significant with an expansion of 26.3 km2 over the study
period; this accounted for 167.80 km2 of the total study area.

•

Agriculture lost 16.92 km2 and Forest lost 26.42 km2 of land.

•

In general, population density near the city center is decreasing as the growing population
settles in areas that were once non-urban.

•

In general, relationships between socio-demographic factors and land-use indicators were
established, which suggests that sprawl is occurring in the study area.
Chapter 3 builds on the understanding that the study area is sprawling and provides a link

between urban growth and an increase in the number of flash warnings issued in Jackson, TN.
The number of high intensity rainfall events were generally consistent from the 1990s into the
2000s. However, the number of days where flash flood warnings were issued was significantly
higher in the 2000s than the 1990s. In the majority of sub-basins, there were statistically
significant increases in estimated runoff throughout the time of study. The majority of correlation
analysis between percent change in runoff and percent change in urban were also statistically
significant. The highlights included:
•

No appreciable change in 95th percentile high intensity rainfall events were noted for the
study area (1990s n = 198 and the 2000s n = 208).

•

Statistical analysis of estimated runoff and LULC changes were, statistically significant.

•

Outcomes of correlation analyses included an increase in estimated runoff as urban areas
increased and agricultural areas decreased.

•

Calculated runoff, in the study area, increased by 25% from 1992-2011.
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Finally, in chapter 4, the relationship between development and growth within the South
Fork of the Forked Deer Watershed and its effect on surface water quality in the South Fork of
the Forked Deer River was investigated. Any significant changes in water quality between 2000
and 2010 within the study area were noted. Analyses did not reveal any appreciable influence of
land use changes on surface water quality, contradictory to expectations based upon previous
studies.
Summation of findings include:
•

A review of the literature indicates that the impact on water quality in some sprawling
areas can be negative (Interlandi & Crockett, 2003; Tu, 2011; Tu, Xia, Clarke, & Frei,
2007).

•

Instances of significance between upstream sub-basins and downstream sub-basins’ water
quality indicators were few as was significant changes in water quality within individual
sub-basins during the study period.

•

Looking specifically at Jackson, TN, of seven water quality indicators tested, only pH
was statistically significant between north and south Jackson. However, pH levels were
not significant between any sub-basins in the SFFD watershed.

•

It is possible that government issued permits related to water quality and improved
agricultural practices might be having a positive impact on the study area.

Since Jackson, TN is the most populated city in the South Fork Watershed and since a large
portion of the city is located in sub-basin 2 (Madison County) the potential of Jackson to
influence water quality throughout the study area is substantial. However, based on results from
chapter 3, we can reasonably assume that whatever outcomes of surface water quality we
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discovered in the South Fork of the Forked Deer River where not being unduly influenced by
dramatic changes in precipitation and runoff in the Jackson area.
In the Madison, County, Jackson, TN area, notable changes in LULC have been detailed.
Sprawl or decentralization in the study area has proceeded in a predictable manner, where readily
available agricultural or forested areas in rural southeast U.S. were converted to residential or
urban. The increase in urban and/or the decrease in agricultural and forested areas were found to
have a statistically significant relationship with estimated runoff. Further analysis should include
more detailed LULC change maps produced from satellite imagery over a longer period of time.
Curve numbers produced from higher resolution maps may produce results that vary from initial
findings. Because the rainfall-runoff relationship, when implementing the SCS curve number
method, is heavily reliant upon LULC changes over time, the importance of more detailed maps
cannot be overlooked. However, continued decentralization and increased surface runoff was not
found to have a statistically significant impact on water quality in the Madison, County area.
Finally, though the majority of water quality indicators along the SFFD watershed were not
found to be statistically significant, a larger sample size (n) covering a longer period of time
could produce results that differ from the primary findings.
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